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The use of molecules to perform the function of electronic devices such as transistors, 1 rectifiers, 2, 3 and switches 4−6 forms the basis of the rapidly expanding field of molecular electronics. Their use in nanoelectronics could provide an ultimate level of miniaturization and efficiency, as well as a possible replacement to semiconductor electronics, which face increased cost and power consumption as their size decreases. Research in this field is still relatively fundamental despite the first publication appearing in 1974, 2 due to the difficulties faced in incorporating single molecules into electrical circuits and their functional use at ambient conditions.
Of particular relevance to this letter are molecular switches, which must possess two distinguishable, stable states and have the capacity to switch between these on demand. These basic "1" "0" states, which are often discriminated by differences in their conductivities, are vital in the operation of any logical device. Interconversion may be achieved in a number of ways, including interaction with electromagnetic radiation, 7 presence of an electric field, 8 application of a mechanical force, 4 or energy provided by incident electrons. 9 Progress has also been made in determining the mechanisms behind the observed switching processes. Control of the charge state of a single molecule 10 and the formation and cleavage of − -assembled copper complex 9 constitute two examples. A broad class of molecular switches are those in which the mechanism is a conformational change. These include cis-/trans-isomerization, 11, 12 changes in the position of constituents on a benzene ring, 13 and, of interest in this study, hydrogen (H)-tautomerization. 14 With regards to molecular switching, Htautomerization has only been observed in the fixed ring system of porphyrin-type molecules. 14 In this process, the protons accommodated by the macrocycle switch positions, leading to a change in the HOMO and LUMO, which in turn induces a change in the conductivity across the molecule. A two-level switch was first discovered, involving reversible switching of two protons occupying the cage.
14 Later, a four-level conductance switch was realized by purposeful removal of one of the protons using the tip of a scanning tunneling microscope (STM). 15 In this class of molecules, the central macrocycle effectively performs as a protective environment for the active protons. In addition, adsorption on surfaces results in molecular configurations that maintain the two-dimensional macrocycle fairly unperturbed. From gas-phase and solution chemistry, H-tautomerism is, however, wellknown to occur in a plethora of molecules. Solely on the basis of the criteria suggested by these studies (unperturbed, 2-dimensional, and protective encasing), hardly any other candidates could be proven to act as a H-tautomeric molecular switch.
Figuring out which other molecules will retain this property when adsorbed on a substrate hence remains a major challenge. Indeed, the vast majority of tautomerically active molecules involve threedimensional moieties, which, upon adsorption on a two-dimensional substrate, will likely deform enough to deactivate tautomerism (rendering it energetically unaffordable).
In the current work, we exploit H-tautomerization in a new class of metal bound molecular switches, based on a quinone derivative. The two molecules studied experimentally share a common threedimensional central chemical unit (the active switching moiety), which has an altogether different structure than that of previously reported Htautomeric switches. Upon examination of their properties by means of STM, we find that an internal two-way switching mechanism operates in both molecules. In combination with density functional theory (DFT) calculations, we show that proton transfer occurs on the periphery of the common central switching unit, unprotected by other chemical groups. This switch is activated by inelastic tunneling from the STM tip in a single-electron process. We further demonstrate that molecular functionalization (during the synthesis of the molecules) preserves the metal-bound H-tautomeric properties, in that the energy barrier for the mechanism remains unaffected, within experimental errors, by incorporation of side groups.
The central functional unit of these molecules is a 3,6-diimino-1,4-diamino-1,4-cyclohexadiene moiety. As shown in Figure 1a , the R group is substituted with a hydrogen atom, a phenyl group, or a tolyl group to produce 3,6-diimino-1,4-cyclohexadiene-
N N′-ditolyl-3,6-bis(tolylimino)-1,4-cyclohexadiene-1,4-diamine (azotolyline, AT), respectively. Of these three molecules, we have conducted our experimental investigations on AP and AT. DCD represents the smallest possible molecular switch based on our quinone derivative, and as such, was investigated theoretically together with AP. DCD, AP, and AT exist natively as red polycrystalline solids in the para configuration, whereby identical functional groups occupy opposite positions in the central 6-membered ring. Similarly, the forms in which identical groups occupy the 1,2 and 1,3 positions are referred to as ortho and meta, respectively. All three molecules are known to act as bidentate ligands in metal complexes via the lone pairs located on the nitrogen atoms. 16−18 In addition, further studies have shown that in liquid solution and crystalline solid, a double H-transfer reaction occurs for both para-DCD and para-AP, involving the protons occupying the amino groups. 19−21 It is this observation that reveals their potential use as novel molecular switches. In a first step, the gas phase geometries and energies for DCD and AP were investigated using DFT calculations both in the absence and the presence of Cu species (see Supporting Information S1). The para, ortho, and meta configurations were optimized for each molecule and found to adopt highly nonplanar conformations. We find that the para configuration is favored in the absence of Cu species, but the ortho configuration is favored in their presence, in agreement with previous experimental studies. 17, 22 Further to this, the transition states for para to meta configurational changes were also computed (the reasons for this will become clear later) and located at values of 0.959 and 0.795 eV for DCD and AP, respectively.
With this proton transfer property in mind, and the u ' y u(110) w as a substrate to investigate these molecules as a possible system for supported molecular switching. Besides copper being ubiquitous in the fabrication of electronic components, both the chosen surface and the molecules have 2-fold symmetry (assuming planar molecular adsorption configurations), and so the number of possible adsorption arrangements is limited, reducing the complexity of analysis. The molecules were deposited onto the Cu(110) substrate held at 100 K for both AP and AT in order to achieve a clean surface decorated with isolated molecules. This constitutes an important criterion if we wish to address them on an individual basis and ensure that species adsorbed in the local environment do not affect any potential switching behavior. After preparation, samples were cooled further to 5 K before imaging using STM in constant current mode. To date, very few experimental studies and no STM studies have been conducted on these molecules despite AP first being synthesized in 1875. 23 Our STM data show that the molecules have indeed adsorbed isolated from one another on the terraces of the Cu(110) substrate. The AP and AT molecules shown in Figure 1b ,c, respectively, exhibit topographies that are clearly recognizable with respect to their chemical structures. The data show molecules with four lobes each corresponding to the expected four peripheral phenyl or tolyl groups. When comparing the shape of the lobes in these two molecules, we recognize that the lobes of AT are slightly more pointed at the edges compared to AP, indicating the presence of the extra methyl groups. From this, we deduce that both AP and AT have adsorbed in flat-lying geometries, accommodated by rotations of the side groups upon interaction with the substrate.
In addition, a number of different adsorption configurations of AP and AT are seen. These include higher energy buckled and metastable species, as well as the lowest energy adsorption geometries shown in Figure 1b ,c. In this letter, only the energetically lowest and most stable species are considered. These can be identified after simple annealing experiments, in which the temperature of the sample is raised followed by recooling to 5 K, whereby only one type of AP species remains. A full description of this and examination of the higher energy species observed on the surface can be found in Supporting Information S2.
Another feature common to both lowest energy AP and AT is that two adjacent lobes show similar apparent STM heights. Specifically, we have two lobes with bright contrast opposite two lobes with dim contrast. In the first instance, this contradicts the expected topography of diagonally opposite lobes sharing similar electronic signatures due to the molecules occupying the para state natively. We therefore infer that a conformational change has occurred upon adsorption. For both molecules, two possibilities exist: para configurational change to either ortho or meta. As discussed earlier, a para-AP to ortho-AP change is favored in the presence of copper and a similar change for AT is hence also likely. Despite no Lewis structure for the gas-phase meta conformers existing, the metal surface could stabilize such structures. 24 The chemical insensitivity of STM does not allow us to identify straightforwardly, which conformer is stabilized by the substrate. However, we will later unambiguously show by DFT calculations that the presence of meta conformers is energetically preferred. When comparing AP and AT adsorbed on the surface, we see that there are four possibilities for the positions of the bright lobes, each corresponding to a 90° rotation with respect to the underlying substrate. Statistical analysis of hundreds of observed molecules shows that these four adsorption states are equally populated. The possibility of switching between these states in individual molecules using tunneling electrons was therefore investigated. For both AP and AT, the STM tip was brought to an off-center symmetric position between two of the lobes sharing an identical contrast, as indicated in Figure 1c . The feedback electronics were then deactivated, and the bias w −0 5 to +0.5 V while measuring the tunnelling current between tip and sample. From Figure 2a , we see a featureless curve for both u w −0 35 +0 35 V indicating that no switching is taking place. Outside this interval, a sharp, rapid switching of the current indicates that the molecules are switching. A further manipulation in the same position, but with a constant bias voltage outside the ±0.35 V range, reveals that the current switches between two distinct values. This property fulfills the criteria for a molecular switch because the binary behavior corresponds to the molecules alternatively accessing two different conductance states.
The topographic change in these molecules accompanying this switching process is demonstrated by means of sequential STM imaging. Figure 2b shows two neighboring AP molecules occupying the same state. The tip is then brought to the indicated position, the feedback deactivated, and the bias raised to a value above the switching threshold. After a sharp change in the tunnel current is observed, the manipulation is stopped, and the same area is imaged to reveal that the targeted molecule has adopted another state in which the bright lobes occupy the opposite positions compared to the original state. The neighboring molecule remains unchanged indicating that the stimulus is localized to the position directly below the STM tip. The series of consecutively acquired images in Figure  2b shows both molecules being switched back-andforth by means of controlled voltage pulses. Importantly, when addressing a single molecule, the switching process involves only two (out of the possible four) states that possess opposite bright and dim lobes. A switching mechanism involving a 90° rotation of the bright and dim lobes is never observed. We therefore have two separate but equivalent meta species distinguished by a 90° rotation to each other. Each of these meta species has two states corresponding to changes in contrast of opposite pairs of lobes when measured using STM. The observed switching is hence equivalent to a 180° rotation; however, physical rotation of the molecule can be ruled out due to the identical switching behavior being observed within molecular islands of AP (see Supporting Information S3). Steric hindrance in such an environment precludes any rotational motion and therefore points to a mechanism involving an internal change in the molecule.
The same switching behavior is present in the further functionalized AT molecule, as shown in Figure 2c . An identical manipulation was repeated on this molecule to achieve the same qualitative result of moving the STM contrast from one pair of lobes to the opposite two. We also see in these images that the shapes of the peripheral groups do not change after the switch. This rules out a possible conformational change due to phenyl or tolyl rotations within the molecules. At this stage we have shown that AP and AT are controllably switchable and exhibit the same switching behavior. In addition, we note from Figure 2a that the threshold voltages for switching AT and AP are comparable (within experimental errors). It can therefore be said that chemical functionalization of AP with additional methyl groups (to form AT) does not affect the switching property. The excitation process and mechanism, however, need to be addressed. A full study of the switching mechanism was conducted on AP, and the remainder of this letter will focus on that.
To identify the excitation process governing the observed switching of AP, many manipulation events were recorded as the tunnel current, I, and bias voltage, V, were varied. These measurements were carried out on isolated molecules to eliminate any influence of species in the local environment. 25 The tip was positioned as indicated in Figure 2b for all measurements to ensure that the measured tunnel current had two distinguishable values (if a more central position is chosen, the molecule still switches, but the current has a single value due to small change in electronic height). To measure the switch rate at any given I and V, the time intervals in which the molecule occupied the high current state were binned and plotted in a histogram. The distribution of residence times takes the form of an exponential decay as shown in Figure 3a , indicating that the switch is a spontaneous chemical process and that the molecule has no memory of what state it occupies. The inverse time constant from the exponential fit gives the switch rate at that particular I and V. The relationship between tunnel current and switch rate was recorded by repeating the above process at many different values of I, while V was held constant (Figure 3b ). For voltages exceeding ±0.35 V the relationship is linear, indicating that the switching is triggered by a single electron inelastically scattered by the molecule. 26 The switch rate as a function of tunnel current remains linear until the bias voltage is dropped within the ±0.35 V range, after which the switch rate was found to be proportional to I N , where N is the number of inelastic electrons activating the process. As seen in Figure 3c , below this threshold voltage, N increases as the electron energy decreases, indicating a vibrational ladder climbing process activated by multiple electrons. The dependence of N with V indicates that the lowest energy required by a single electron and hence the activation energy of the switch is 0.35 eV. After establishing that the switching process is activated by inelastic tunneling electrons and in order to fully describe this molecular system, we now turn to determining the switching mechanism (a proof for H-tautomerism) by comparing our experimental observations with theoretical calculations. Periodic DFT geometry optimizations were carried out for para-AP, ortho-AP, and meta-AP adsorbed on a Cu(110) slab. As shown in Figure 4 (and detailed in Supporting Information S4), all optimized configurations have a number of common points: (1) the 4-fold coordination site of the Cu(110) surface acts as adsorption center; and (2) the two main molecular axes (through diagonally opposite lobes) of AP align with the [1 10] and [001] high symmetry directions of the Cu substrate. In addition, each para-, ortho-, and meta-AP conformer can adsorb in four possible configurations (illustrated for meta and para in Supporting Information S4). Symmetry arguments (and our DFT calculations) show that these four configurations for ortho-and meta-AP are energetically equivalent. In para-AP, however, identical (amino or imino) groups can either lie parallel or perpendicular to one of the high-symmetry directions of the surface, giving rise to two nondegenerate states (each consisting of two configurations). Contrary to the gas-phase calculations, meta-AP adopts the lowest energy structure, followed by para-AP (less stable by 0.15 and 0.25 eV/molecule) and then ortho-AP (less stable by 1.02 eV/molecule; we discard ortho-AP henceforth on the basis of these energetic u ) U T − approach, 27,28 STM images for both (lowest energy) para-and meta-AP/Cu(110) were simulated using the optimized structures. States between the Fermi energy (E f ) and (E f − 0.2 eV) were integrated to simulate our typical tunnelling conditions, and the resultant images are displayed in Figure 4a ,b.
Only meta-AP possesses two adjacent lobes that share a similar bright contrast, matching our experimental observations. In addition, the experimental determination of the precise adsorption geometry (procedure described in Supporting Information S5) matches the DFT predictions, in which the central ring of the molecule lies in the 4-fold coordination site of Cu(110) with the molecular axes aligning with the high y y 1 10 001 T u which would be present in the isolated meta configuration, are likely stabilized by donation or acceptance from the surface. 24 On the basis of the excellent agreement between theory and experiments, we hence unambiguously demonstrate that AP adsorbs in the meta form. From this, we can assign the location of the amino H atoms to the position of the bright lobes, and conversely, the imino groups are associated with the dim lobes in the STM contrast. This proves that the observed switching mechanism is a consequence of tautomerization of the H atoms from the amino groups to the adjacent imino groups. This tautomerization is accompanied by electronic reordering of the molecule, which is manifested in the STM images as a shift in brightness (apparent height) from one side of the molecule to the other. We finally revert to our initial gas phase DFT calculations. Therein, the transition state for para-to meta-AP transformation was computed at 0.795 eV. This represents a sizable difference when compared to the activation energy experimentally measured (0.35 eV) or theoretically computed for the AP/Cu(110) system (0.42 eV). We hypothesize that, upon deposition, the resulting molecular distortion to an adsorbed planar and meta conformation (by rotation of the phenyl groups) leads to a significant lowering of the activation energy as a consequence of a strong interaction with the Cu surface. We note that meta-AP adopting the lowest energy adsorption structure is nevertheless surprising because, in isolation, no Lewis structure exists for this isomer. However, through interaction with the substrate, the calculations clearly show that this structure is stabilized and energetically preferred over para-AP and ortho-AP. This change in configuration, as we understand, is a key element that enables/retains the H-tautomeric switching property in our Cu(110)-bound quinone derivatives. Indeed, in addition to the fact that the three-dimensional active moiety (the two imino and two amino groups) is rendered two-dimensional upon interaction with the substrate, the distance over which the H atoms are transferred from amino to imino groups is reduced in the stabilized meta state when compared to the previously expected ortho configuration (favored in the gas phase when in the presence of a Cu species).
In summary, a new class of molecular switches, which display bistability in conductance due to Htautomerism, has been realized. AP and AT adsorbed on Cu(110) produce stable molecular switches, which can be activated on demand using voltages above a specific threshold (±0.35 eV). The switching behavior in both AP and AT shows the same characteristics, and although the same analytical rigor was not applied to AT, the adsorption registry, excitation process, and reaction mechanism are likely the same as that proved for AP. The trigger for a switching event is a single inelastically scattered electron, and by probing a range of electron energies, it was found that the minimum energy required for AP and AT is 0.35 eV, and our computational results support this (0.42 eV for AP). Further computational modeling confirms that the observed behavior is due to a two-step H atom transfer from the amine to the imine functional constituent groups. H-tautomeric molecular switches to date have only involved the movement of protons locked into a protective porphyrin macrocycle. The present data, however, reveal that this mechanism can likely be generalized to many other molecules and does not need to be restricted to this moiety. The constraints for devising surface-bound Htautomeric switches (undeformed, protective, twodimensional active unit) can now be relaxed. We can therefore contemplate more versatile molecular candidates, as we have shown here with quinone derivatives.
Most importantly, the presence of the equivalent switching mechanism in AT means that functionalization of the central switching unit does not compromise this property nor does it induce measurable changes in the activation energy. This shows that functionalization of the original AP molecule (albeit with simple methyl groups) paves the way for novel opportunities toward further modification of the chemical structure to achieve a molecular switch with specific, tailored properties. Molecules with thiol functional groups that chemisorb strongly to metal electrodes, for instance, could facilitate incorporation into nanoelectrical circuits. Alternatively, coordination chemistry could enable insertion into molecular architectures. A functional molecular switch may be considered to be a molecule that has two stable states and does not radically change its position or shape when integrated into a circuit. The examples developed in this letter show both of these attributes and thus may be considered useful as a starting point for the development of molecular based nanoelectronic devices. 
ASSOCIATED CONTENT

Methods
All experiments were performed using a commercially available STM (Createc GmbH) operated at 5K housed in a UHV chamber. During measurements the pressure in the UHV chamber was below 4 x 10 -11 mbar. The Cu(110) single crystal (MaTeck GmbH) was cleaned by repeated cycles of sputtering with Ar + (1.5 keV, 1 x 10 -6 mbar, 10 min) followed by annealing to 773K (15 min). Before deposition, the sample was cooled to approximately 78K using liquid nitrogen. Molecules were deposited on the cleaned surface by sublimation from a glass tube heated by a filament held at 396K and 406K for AP and AT, respectively. AP was synthesized according to the methods in SupplMat S6, and AT was purchased from SigmaAldrich. The STM images presented were collected constant current mode and the current/time data was collected using the open feedback mode after the tunnel parameters were set. A tungsten tip which had been electrochemically etched using a solution of potassium hydroxide was used. Igor Pro was used for all data and image analysis.
S1. Gas-phase calculations on AP and DCD
The geometries of AP and the equivalent molecule with phenyl rings replaced by hydrogen atoms (3,6-diimino-1,4-cyclohexadiene-1,4-diamine; hereafter abbreviated to DCD) were optimized in the gas phase using density functional theory (DFT) with the M06-2X 1 functional and the 6-31+G(d) basis set. The calculations were performed with the Gaussian 09 program 2 . The structures were also optimized in the presence of a neutral as well as positively charged Cu atom.
Isolated AP and DCD
Gas-phase AP is highly non-planar and can adopt different conformations. Figure S1 shows the most stable conformations found for the para, meta and ortho forms of the two molecules. Para-AP is energetically favored, followed by meta-AP (with an energy of 0.548 eV relative to para-AP) and ortho-AP (relative energy: 0.798 eV). The relative stability order of DCD differs from that of AP: the para form is still the energetically most favorable, but ortho-DCD is more stable than meta-DCD (relative energies: ortho: 0.420 eV; meta: 0.635 eV). The ortho tautomers are disfavored because of steric hindrance of the two amino hydrogens. In DCD, this is partially offset by the formation of an intramolecular N-H•••N contact, with the result that ortho-DCD is energetically favored compared to meta-DCD. The transition states for para→meta tautomerisation were also located. For AP, this transition state lies 0.795 eV above the para tautomer, whereas for DCD it lies 0.959 eV above the para structure. Figure S2 shows the relative energies of the stationary points along the para→meta tautomerisation pathway of the two molecules.
Figure S1
The para, meta and ortho forms of AP (A, B and C, respectively) and of DCD (D, E and F, respectively). All three AP tautomers have C 2 symmetry. In para-AP the C 2 axis is perpendicular to the central ring and goes through its midpoint. In the ortho tautomer the C 2 axis is in the plane of the central ring and crosses the middle of the (N-)C-C(-N) bonds. In meta-AP the C 2 axis goes through the (H-)C atoms of the central ring. Ortho-DCD does not have any symmetry elements. Para-DCD has C 2h symmetry, whereas meta-DCD has C 2v symmetry. The barrier for para→meta tautomerisation was previously computed at the HF/3-21G and MP2/3-21G//HF/6-31G levels for DCD by Holloway 3 . The MP2/3-21G value of 0.57 eV is much smaller than the M06-2X/6-31+G(d) value calculated here (0.96 eV). Considering the very limited basis set used in the earlier calculations, the M06-2X value is expected to be more realistic.
AP and DCD with Cu and Cu
+
Using the B3LYP density functional, Kaim et al. 4 showed that in the presence of a Li + or Cu + ion the ortho form of DCD is preferred over the para form by 0.38 and 0.37 eV, respectively. With M06-2X, the relative energy of the para tautomer with Cu + is 0.33 eV ( Figure S3 ). As far as we are aware, AP with Cu + has not yet been studied computationally. We calculate a relative energy of 0.23 eV for para-AP. The meta tautomer of AP and DCD is much more disfavored in the presence of Cu + , with relative energies of 1.53 eV (DCD) and 0.97 eV (AP). We have also optimized the structures in the presence of a neutral Cu atom. The optimized structures are displayed in Figure S4 . Qualitatively, the results are similar to those for Cu
The ortho tautomer is most stable, whereas the meta tautomer is most disfavored energetically. In the ortho structures, the Cu/Cu + is equidistant to the coordinating N atoms and located in the plane of the central ring, preserving the C 2 symmetry of the AP structure. 
S2. Adsorption configurations of AP and AT
Azophenine, AP
Upon deposition, we see a number of different molecular configurations on the Cu(110) surface. With four lobes indicating the presence of phenyl side groups, we can identify these molecules as AP ( Figure S5 ). In addition to intact molecules, and a few buckled or deformed ones, we also see a minor degree of fragmentation evidenced by molecules possessing three lobes.
It is relatively straightforward to identify the species that exhibit a reversible switching property. As shown in Figure S5b , acquired over the same area as Figure S5a , but with a voltage above the activation threshold of ±0.35 V for switching, we observe that some of the species appear fuzzy in appearance. This fuzziness is a direct consequence of the molecules switching at rates faster than the typical scan time over a single molecule. From many similar images, we conclude that fragmented species and deformed molecules do not display bistability. A necessary (but not sufficient) criterion for switching is that AP must be intact and adsorb in a planar configuration. The comparison of Figures S5a and S5b reveals that only two distinct adsorption configurations of intact, planar molecules exhibit switching (highlighted by green circles). These have all four phenyl lobes arranged in an undeformed square-like arrangement, and by defining the molecular axes running through two diagonally opposite phenyl lobes, these have their molecular axes either aligned as "addition" or "multiplication" signs in the field of view of Figures S5a and S5b. To deduce which of the described configurations adopts the energetically lowest structure, a simple annealing experiment was performed. The cleaned Cu(110) crystal was cooled to 100K and AP was deposited to yield a low coverage as shown in Figure S6a . The prepared sample was then heated to 220K followed by cooling to 78K. As seen in Figure S6b , the molecules have diffused over the surface to form small islands now composed of a single species: those in the shape of an addition sign. We therefore can conclude that these molecules have found the global minimum in potential energy and represent the ground state species adsorbed on the surface. This is the AP configuration which forms the bulk of the main study and details of its adsorption registry with respect to the underlying substrate can be found in Section S5. 
Azotolyline, AT
AT was deposited on Cu(110) following the same recipe as for AP. The extent of fragmentation in AT is significantly higher compared to AP ( Figure S7 ): approximately 95% for AT, compared to less than 5% for AP. We speculate that the intramolecular bonding in AT may be weakened by the presence of extra methyl groups in the para positions of the peripheral aromatic groups. The significant fragmentation of AT made it difficult to study all adsorption configurations. Therefore, to prove that the switching behavior was present, we focused on AT molecules with the same adsorption configuration with respect to the underlying substrate as AP. 
S3. Observation of switching within molecular islands
Proof that the observed switching of AP is not due to a physical 180° rotation of the molecule is found in the observation of switching events in ordered arrays of molecules. As seen in Figure S8 , the circled molecule shows the characteristic change in contrast of opposite lobes after a switch has taken place. The change was induced by scanning over the group of molecules with a bias voltage higher than the threshold for switching. Rotation of a molecule in this situation would be sterically hindered and hence can be ruled out. The mechanism of switching must therefore be due to an internal change in the configuration of the molecule (i.e. tautomerization). 
S4. Details of periodic DFT calculations
Periodic DFT calculations were carried out using the VASP program, 5-7 using the PBE functional, 8 a plane-wave basis set with an energy cut-off of 400 eV, PAW (Projector Augmented Wave) 9 treatment of core electrons and the VASP-supplied pseudopotentials for this method. 10 Dipole correction 11 was applied to the direction orthogonal to the surface, and the D2 empirical VdW correction 12 was applied. The Cu(110) surface was represented as a slab of four atomic layers, with a rectangular unit cell of 17.82 x 20.17 Å (5 x 8 surface atoms, resulting in 160 Cu atoms). During geometry optimization, the adsorbate as well as the uppermost two Cu layers were allowed to relax, while the lower two layers were frozen at the optimized bulk geometry. Simulated STM images were produced using the bSkan package. 13, 14 The optimized geometries for the four possible meta-and para-AP structures were computed and are displayed in Figure S9 . The two equivalent meta-AP configurations observed experimentally have two possible reaction pathways (meta  para-1  meta, and meta  para-2  meta) as described in the main article. optimization, the meta and para structures were used as endpoints of the "band", and 60 optimization steps carried out, starting at eight geometries determined by linear interpolation using the "VASP TST Tools" package. 16 The barrier was then refined by a further run using the climbing image NEB method between the geometries corresponding to the points left and right of the maximum in the pre-optimization, using the modified VASP routines from the Henkelmann group. 17 The NEB calculation involving simultaneous transfer of both hydrogen atoms (i.e. concerted mechanism) for AP converges to a path with two maxima and an intermediate as shown in Figure S10 . Upon inspection, the intermediate is identified as the para-2 state (see Figure 4 in main article), which indicates that a two-step process involving para-AP is favored over simultaneous transfer of both hydrogen atoms. 
S5. Adsorption registry determination of AP
In order to determine the precise adsorption registry of AP with respect to the Cu(110) lattice, a reconstructed surface, whose geometric structure is accurately known, 18, 19 was used due to difficulties in resolving the bare substrate atoms and the molecule simultaneously. Partial Cu(110)-O(2x1) was achieved by exposure of the surface to a low pressure of O 2 and yielded stripes of reconstructed regions containing easily resolvable additional Cu atoms as shown in Figure S11a . After identical deposition parameters, AP was observed to preferentially adsorb on the bare Cu(110). 
S6. Synthesis of azophenine (AP)
To a solution of N,N'-diphenyl-p-quinone diimine (0.5 g, 1.93 mmol) in chloroform (25 ml) was added aniline (0.4 ml, 4.21 mmol) and a catalytic amount (a few crystals) of ptoluenesulphonic acid. The solution was stirred overnight, and then 25 ml of methanol was added to complete the precipitation of the dark red product. This was isolated by filtration, 
